Formation of defects in hexagonal and cubic boron nitride ͑h-BN and c-BN, respectively͒ under low-energy argon or nitrogen ion-bombardment has been studied by near-edge x-ray absorption fine structure ͑NEXAFS͒ around boron and nitrogen K-edges. Breaking of B-N bonds for both argon and nitrogen bombardment and formation of nitrogen vacancies, V N , has been identified from the B K-edge of both h-BN and c-BN, followed by the formation of molecular nitrogen, N 2 , at interstitial positions. The presence of N 2 produces an additional peak in photoemission spectra around N 1s core level and a sharp resonance in the low-resolution NEXAFS spectra around N K-edge, showing the characteristic vibrational fine structure in high-resolution measurements. In addition, several new peaks within the energy gap of BN, identified by NEXAFS around B and N K-edges, have been assigned to boron or nitrogen interstitials, in good agreement with theoretical predictions. Ion bombardment destroys the cubic phase of c-BN and produces a phase similar to a damaged hexagonal phase.
I. INTRODUCTION
Boron nitride ͑BN͒ has attracted considerable interest over the past decade as a technologically important material, possessing at the same time an interesting combination of physical and chemical properties. It has been the subject of a great number of experimental and theoretical studies. BN crystallizes in several structures ranging from the layered, sp 2 -bonded hexagonal BN ͑h-BN͒ and turbostratic BN ͑t-BN͒ or sp 3 -bonded cubic BN ͑c-BN͒ and wurtzite BN ͑w-BN͒ phases to the nanotube and fullerene structures.
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The hexagonal phase is isostructural to graphite, but, in contrast to the semimetallic behavior of graphite, h-BN is a wide gap semiconducting material. The high thermal and chemical stability of h-BN makes this material suitable for a range of high-temperature and/or high-pressure applications. 4 Further, the direct bandgap of h-BN in the ultraviolet region makes h-BN a promising material for the production of compact ultraviolet laser devices. 5 While h-BN is a soft material, c-BN is, after diamond, the second hardest material with the widest band gap of all III-V compounds. Unlike diamond, c-BN does not react with ferrous alloys up to high temperatures. This property makes c-BN a superior coating material for industrial tools used in processing of iron-, nickel-, or cobalt-containing materials. Also, unlike diamond, c-BN can be easily doped n and p type, which opens a wide range of electronic applications for thin films of c-BN. 6 Ion implantation plays a critical role in growth of thin films of BN. For example, c-BN films can be grown using different deposition techniques, but only if a certain amount of energetic ion bombardment, such as low-energy Ar + or N 2 + bombardment, or exposure to Ar ions from a radio frequency plasma, is applied during the film growth. 7, 8 Without ion irradiation only a low density, sp 2 -bonded h-BN or t-BN phases are formed. 8, 9 In addition, the transition from hexagonal to cubic phase of BN can also be achieved by the lowenergy ion bombardment of h-BN. 10 In general, the exposure of BN to energetic ions introduces several changes within the volume of the material corresponding primarily to the penetration depth of impinging ions. Among them, local densification, compressive stress, or production of point defects, such as interstitial atoms and vacancies, are shown to play the dominant role in properties of the final material. [9] [10] [11] One also expects formation of molecular nitrogen, N 2 , in ion-bombarded BN, as matrix N atoms, displaced by ballistic collisions to interstitial positions, make easily N-N bonds. 12 Indeed, molecular nitrogen has been found in a range of III-N compounds bombarded with either argon or nitrogen ions. [12] [13] [14] [15] [16] In the present study we have employed near-edge x-ray absorption fine structure ͑NEXAFS͒ spectroscopy, using synchrotron radiation, to identify and characterize several boronand nitrogen-related point defects or to identify the presence of molecular nitrogen in h-BN and c-BN created by lowenergy argon or nitrogen ion-bombardment. We report on several new energy levels, identified within the band gap of ion-bombarded samples by NEXAFS measurements around boron and nitrogen K-edges. The energy positions of these new levels are consistent with theoretical predictions for boron and nitrogen interstitials. A clear NEXAFS signature of nitrogen vacancies is also observed around excited B atoms. Our NEXAFS measurements also provided a clear evidence for an ion-induced phase transformation in c-BN. Finally, molecular nitrogen has been identified unambiguously in all ion-bombarded samples by the characteristic vibrational fine structure of N 2 , obtained by high-resolution NEXAFS measurements around the N K-edge.
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II. EXPERIMENT
The samples used in this study were prepared by attaching the commercially available crystalline h-BN powder ͑Aldrich, ϳ1 m grains͒ or c-BN powder ͑Gem Diamond Products, ϳ40 m grains͒ to the conductive carbon tape. All samples, prepared in air at the synchrotron facility without receiving any chemical or ion-beam cleaning prior to ion bombardment, are referred to as "as-grown" samples.
All measurements were performed in an ultrahigh vacuum chamber attached to the bending-magnet beam line 24A1 of the National Synchrotron Radiation Research Center, Taiwan, equipped with the microchannel plates detector for NEXAFS measurement and a low-energy ion gun for sample bombardment with low-energy argon or nitrogen ions ͑0.2-5 keV͒. The ion-bombardment was performed at normal incidence for 1-30 min in the energy range of 0.5-2.0 keV and with current densities of typically 1 A cm −2 . The NEXAFS spectra were recorded in the surfacesensitive partial electron yield, with a cutoff kinetic energy of 100 eV for measurements around the B K-edge or 300 eV for measurements around the N K-edge. The photon impact angle was 40°, measured from the sample surface. The raw NEXAFS data were normalized to the photoelectron current of the photon beam, measured on a Au grid. The broadening of NEXAFS spectra in the low-resolution measurements is dominated by the monochromator resolution, thus, we have fitted all NEXAFS curves with a set of pure Gaussian line shapes and one sigmoidal function to determine the resonant energies of different peaks in NEXAFS spectra and the absorption edge, respectively. 16, 17 Vibrationally resolved NEX-AFS spectra in the high-resolution measurements were fitted with a convolution of Lorentzians and Gaussians ͑Voigt profiles͒ with Lorentzian part related to the natural line shape. 17 X-ray photoemission spectroscopy ͑XPS͒ measurements were performed in a laboratory SPECS instrument with monochromatized Al K␣ x rays of 1486.74 eV. Bombardment conditions used for Ar + and N 2 + ions in this system were similar to those employed in synchrotron measurements.
III. RESULTS AND DISCUSSION
The NEXAFS spectroscopy is a powerful tool for probing the electronic, physical, and chemical properties of semiconductor surfaces. 17, 18 In addition, one can identify directly several point defects from NEXAFS measurements, as defects form characteristic energy levels within the bandgap of semiconductors. 19 Excitations of core-electrons to an unoccupied defect level may produce an additional peak in NEX-AFS spectra, related directly to the presence of that specific defect in the material. 20, 21 In the present study we focus on NEXAFS measurements around K-edges of boron and nitrogen in BN. For electronic transitions around the K-edge, where the initial state is a 1s state, the final states must contain contributions from p orbitals, for example in the form of s + p z ͑referred to as ‫ء‬ transitions͒ or p x + p y ͑ ‫ء‬ transitions͒ due to the dipole selection rule ⌬l= Ϯ 1, where ⌬l is the change of the angular momentum quantum number between the initial and final states. 17, 18 Figures 1 and 2 show some typical and components of absorption spectra of as-grown h-BN and c-BN around N and B K-edges, respectively. NEXAFS measurements provide a clear distinction between electronic transitions involving or states. 21 In the case of h-BN, the strong covalent net, which allows contributions to the measured signal from higher orders of diffraction from the monochromator. Therefore, a strong contribution of the second order signal from the nitrogen absorption edge is present in both B K-edge spectra of Fig. 3 , is typical for all h-BN structures and has been interpreted previously as a core exciton with a -like final state wave function. 24 The two additional low-intensity peaks in the same spectrum, AЈ and AЉ in Fig. 3 , at 192.5 and 193.3 eV, respectively, have been observed previously in most h-BN samples. They have been assigned to some local defects or, alternatively, to the local deformation of the crystal lattice around the excited B atom. For example, the structure of h-BN with the central boron atom bonded to three nitrogen atoms, but in the pyramidal configuration instead of the regular planar configuration, can act as a small-radius polaron responsible for a weak satellite to the main peak, such as AЉ in Fig. 3 . 25 On the other hand, a nitrogen void, i.e., a missing nitrogen atom in a regular threefold planar coordination of B, can be responsible for an additional peak around the B K-edge, such as AЈ in Fig. 3 . 10 Turning now to the point defect formation, we note first that the formation energy of point defects in BN is quite large ͑Ͼ2 eV͒, 26 limiting the concentration of native defects to a very small level in all samples grown near thermodynamic equilibrium. This is consistent with our results from Figs. 2 and 3, where only a small amount of possible defects or dislocations is detected in as-grown samples around the B K-edge ͑peaks AЈ and AЉ in Fig. 3͒ , while no new, defectrelated peaks are detected around the N K-edge ͑see Fig. 1͒ . Consequently, the experimental studies of defects in BN require an artificial creation of defects, similar to the case of GaN or InN, where point defects have been intentionally created by high-energy electron or low-energy ion irradiation. 27, 28 The intentional creation of defects by ionbombardment is further justified in BN samples, as many techniques for BN film growth involve ion-bombardment processes 8 that place the growing surface of BN away from the thermodynamic equilibrium.
In general, the low-energy ion bombardment creates quite efficiently different point defects in semiconductors, such as interstitials, vacancies, and antisites, within the collision cascade by displacing matrix atoms from their original lattice sites. All these defects may form some unoccupied or empty energy levels within the bandgap of semiconductors 19 and can be, in principle, identified directly by NEXAFS measurements. In the case of h-BN and c-BN, boron and nitrogen interstitials and vacancies ͑N i , B i , V N , and V B ͒ form some unoccupied levels within the bandgap, 26 ,29 accessible for NEXAFS transitions. Indeed, we have observed several new peaks around the ‫ء‬ resonance from Fig. 3 , at both lowand high-energy sides of peak A, in all ion-bombarded samples. As an example, we first show in Fig. 3 the new structure around the resonance A of h-BN after bombardment with 2 keV Ar + ions for 5 min. The spectrum is fitted with a set of seven Gaussians, A-G, in order to determine the position and the width of each resonance.
The three new resonances, B, C, and D, observed previously in some h-BN samples bombarded with argon or nitrogen ions, have been attributed to the different coordination of the excited boron atom. 10, 12, 30 The resonance A at 192.0 eV corresponds to the boron 1s → ‫ء‬ transition in a regular h-BN structure, with each B atom bonded to three N atoms in planar configuration, we describe as a ͓BN 3 ͔ structure. On the other hand, the energy position of resonance D at 194.0 eV corresponds to the position of boron 1s → ‫ء‬ transition in elemental boron. 30 Therefore, we assign the resonance D to the elemental boron, i.e., to boron clusters at interstitial or interlayer positions. One can now assume that resonances B ‫ء‬ peaks in NEXAFS of h-BN and c-BN after 2 keV N 2 + ion bombardment for 5 min. Curves are fitted with a similar set of Gaussians A-G as in Fig. 3 . 3 min of 2 keV N 2 + bombardment are shown in Fig. 5͒ . Significant broadening of ‫ء‬ transitions in h-BN under ion bombardment may indicate the transition to the cubic phase of BN. However, for that transition, the broadening is followed by shifts in peak positions of dominant peaks and development of some new, cubic-phase-related peaks. 10, 29, 33 While all spectra of ion-bombarded samples in Fig. 5 32 We conclude, therefore, that the bombardment conditions used in our study are not effective in producing hexagonal-to-cubic transition in BN, observed previously in some h-BN samples bombarded with 180 keV nitrogen ions. 30 We stress here that the gradual broadening of ‫ء‬ peaks in Fig. 5 is fully consistent with the expected increased amount of bombardment-induced disorder within the surface region of h-BN. This type of gradual broadening has been observed previously in several III-N compounds, such as GaN or InN, during the low-energy ion bombardment. 13, 20, 21, 28 In Fig. 6 we show the N K-edge data for c-BN under Ar Fig. 5͒ . This new peak may also indicate a possible cubic-to-hexagonal phase transition in ion-bombarded c-BN. For higher bombardment times and energies, the new peak becomes more pronounced and shifts to the lower energy of 400.8 eV, marked P1 in Fig. 6 .
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Finally, we note in Fig. 5 that NEXAFS spectra of ionbombarded samples do not reveal any peaks related to transitions B-D from Figs. 3 and 4. Instead, in contrast to some previous studies, 10, 30 all ion-bombarded data show an additional strong resonance P1 at around 400.8 eV, 12 well below the energy position of the characteristic ‫ء‬ resonance at 401.4 eV.
The strong resonance at similar energy has been observed previously in several nitride compounds, such as GaN and InN, under either Ar + or N 2 + ion bombardment and associated with the characteristic N 1s → ‫ء‬ transition in molecular nitrogen. [13] [14] [15] 28 Therefore, we assign the resonance P1 from Figs. 5 and 6 to molecular nitrogen. In the case of BN, nitrogen atoms released in breaking of B-N bonds, indicated in Figs. 3 and 4 by peaks B-D, accumulate at interstitial or interlayer positions where N-N bonds form quite efficiently. 12, 28, 34 It is worth noting here that, for similar bombardment conditions, the resonance P1 is always more intensive for N 2 + bombardment than for Ar + bombardment ͑see Figs. 5 and 6͒, indicating that impinging nitrogen ions from the N 2 + beam make contribution to the formation of molecular nitrogen in BN ͑upon collision with the surface, N 2 + splits into two N atoms which, alongside with other matrix N atoms, can be involved in creation of N-N bonds within the sample͒.
The presence of molecular nitrogen in semiconductors can be detected directly and unambiguously by several methods. For example, in XPS, molecular nitrogen produces an additional peak in N 1s core-level photoemission spectra, shifted by several eV toward the higher binding energy from the main N 1s peak. 13, 14 Indeed, the N 1s XPS spectra from ion-bombarded h-BN and c-BN exhibit such an additional peak, shifted by ϳ5.5 eV toward the higher binding energy, as shown in Fig. 7 after N 2 + bombardment. On the other hand, the higher-resolution NEXAFS measurements provide a unique fingerprint of molecular nitrogen by clearly revealing its vibrational levels. As an example, we show in Fig. 8 the higher-resolution NEXAFS scan over the peak P1 ͑with the instrumental resolution of around 150 meV͒, which clearly reveals the characteristic vibrational fine structure of molecular nitrogen for both Ar + and N 2 + bombardment of h-BN, with the first vibrational level ͑400.8 eV͒ and the separation of vibrational levels ͑222 meV͒ very close to the fine structure of free N 2 molecules ͑400.868 eV and 235 meV, respectively 35 ͒. Turning back to the formation of interstitial nitrogen, we show in Fig. 9 the low energy side of NEXAFS spectra from Figs. 5 and 6 for an as-grown h-BN sample and h-BN and c-BN samples bombarded with 1 keV Ar + ions. The good fit of experimental data for the as-grown sample was possible by only one Gaussian curve, P2, and one sigmoidal. The absorption edge at 400.4 eV was determined by the inflection point of the sigmoidal. On the other hand, the good fit of ion-bombarded data was possible only by introduction of at least three new Gaussian functions, P3-P5, in addition to the N 2 -related peak P1 and the original sigmoidal and Gaussian functions. Again, there is a striking similarity between NEX-AFS spectra from h-BN and c-BN samples, with positions of all Gaussians P1-P5 and sigmoidals kept at constant energies in all plots of Fig. 9 .
NEXAFS after N 2 + bombardment is quite similar to NEXAFS after Ar + bombardments. As an example, we show We recall once again that the existing theoretical models, using for example first-principle calculations, 26, 29 predict a range of energy levels within the energy gap of h-BN, related to point defects. Among them, neutral and charged nitrogen and boron self-interstitials, N i and B i , and vacancies, V N and V B , have the lowest formation energies for p-type conditions near thermodynamical equilibrium and produce some unoccupied energy levels within the energy gap of h-BN. 26 At the same time, vacancy-interstitial distant pairs, such as V N -N i , are energetically favorable defects to be created during the ion bombardment of h-BN. 26 Therefore, in addition to vacancy-related peaks B-D from Figs. 3 and 4, one expects to observe some N i -related peaks around the N K-edge NEXAFS of ion-bombarded samples, placed within the energy gap of bombarded samples. For example, theoretical calculations predict an empty level induced by neutral N i at around 0.6 eV above the valence band maximum ͑VBM͒ of h-BN, i.e., just above 397 eV for the 4 eV energy gap of h-BN. 26 The resonance P3 ͑at 397.8 eV͒ in Fig. 9 can be related to this particular defect. Similarly, resonances P4 ͑at 398.9 eV͒ and P5 ͑at 399.9 eV͒ may well be related to some empty energy levels created by charged or nonbonded N i defects, predicted to form quite efficiently within the bandgap of h-BN or c-BN. 26 Turning now back to Figs. 3 and 4 , we recall that the good fit of the low-energy side of peak A was achieved only by introducing at least three Gaussian peaks, E-G, for both Ar + and N 2 + ion bombardment. Again, the energy levels involved in transitions E-G are placed below the absorption edge of h-BN, i.e., within the energy gap of h-BN. Theoretical calculations predict again several half-occupied or empty states within the energy gap of h-BN and c-BN for the neutral and charged B i defects, which are energetically most favored B-related defects in h-BN and c-BN. 26 For example, neutral B i defects form two empty levels at around 2.64 and 2.98 eV, respectively, above the VBM of h-BN. Placing the VBM of h-BN at 187.4 eV, as established from a number of soft x-ray emission measurements, 33, 36 Further, some boron atoms displaced to interstitial or interlayer positions may form metalliclike bonds with neighboring boron atoms, 26 thus forming some boron clusters responsible for resonance D in Figs. 3 and 4 . It is also important to stress once again that both Ar + and N 2 + bombardments produce similar structure at the low-energy side of NEXAFS in Figs. 3 and 4. This structure is fitted with similar set of Gaussians, kept at same energies in all cases, suggesting the creation of same defects in h-BN and c-BN under Ar + or N 2 + bombardment.
IV. SUMMARY
Our NEXAFS measurements around B and N K-edges of h-BN and c-BN have provided the direct evidence for the creation of several point defects, such as V N , N i , and B i , in samples bombarded by low-energy Ar + or N 2 + ions, in agreement with theoretical predictions. Breaking of B-N bonds by ion bombardment is responsible for the creation of one, two, or three nitrogen vacancies, V N , observed directly around excited boron atoms by NEXAFS measurements around the B K-edge. Nitrogen atoms released in this process are displaced to interstitial/interlayer positions, as observed directly by the N K-edge NEXAFS. The high concentration of interstitial nitrogen promotes the formation of N-N bonds and creation of molecular nitrogen, unambiguously detected by the characteristic vibrational fine structure of N 2 in highresolution measurements around the N K-edge. Bombardment of h-BN with nitrogen ions creates more molecular nitrogen, as both matrix nitrogen atoms and impinging nitrogen ions contribute to the N 2 formation. The formation of molecular nitrogen in c-BN is limited by the significantly smaller lattice constant of c-BN as compared to h-BN.
Boron atoms displaced to interlayer positions may bond with neighboring boron atoms, forming small boron clusters in both h-BN and c-BN under low-energy Ar + or N 2 + bombardment. We have found a strong NEXAFS evidence for the bombardment-induced phase transformation in c-BN to a phase similar to the damaged hexagonal phase, for all bombardment conditions used in the present study. On the other hand, no evidence has been found for the hexagonal-to-cubic transition in ion-bombarded h-BN for the bombardment conditions used in the present study. 
